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ABSTRACT
The 2012 brightening of SN 2009ip was dominated by emission from the interac-
tion of ejecta with the surrounding circumstellar material (CSM) produced by episodic
mass loss from the progenitor, complicating the diagnosis of whether the underlying
explosion was a true supernova or a nonterminal eruption of a massive star. In this pa-
per, we contribute a time series of optical photometric and spectroscopic observations
for SN 2009ip from 1 to 3 years after the 2012 outburst, collected at the Las Cumbres
Observatory and the Keck Observatory. We find that the brightness of SN 2009ip con-
tinues to decline with no deviations from a linear slope of 0.0030± 0.0005 mag day−1
in the r′ band, and demonstrate that this is similar to both observations and mod-
els of CSM-ejecta interaction. We show that the late-time spectra continue to be
dominated by the signature features of CSM interaction, and that the large ratio of
LHα/LHβ ≈ 40 implies that the material remains optically thick to Balmer photons
(“Case C” recombination). We combine our late-time photometry and spectra with
early-time data for SN 2009ip and provide a comprehensive discussion that incorpo-
rates recently published models and observations for transient phenomena dominated
by CSM-ejecta interaction, and conclude that the presence of broad Hα at early times
remains among the best evidence that a terminal supernova has occurred. Finally,
we compare our late-time spectra to those of Type IIn SN and SN impostors at late
phases and find that although SN 2009ip has some similarities with both types, it has
more differences with late-time impostor spectra.
Key words: supernovae: general — supernovae: individual (SN 2009ip)
1 INTRODUCTION
The optical transient known as Supernova (SN) 2009ip was
discovered in host galaxy NGC 7259 by the Chilean Au-
tomatic Supernova Search (CHASE; Maza et al. 2009).
Archival Hubble Space Telescope (HST) images indicated
that its progenitor star was very massive, M ≈ 50–80 M
(Smith et al. 2010), and subsequent photometry and spec-
troscopy confirmed that SN 2009ip was an erupting luminous
blue variable (LBV) star (Miller et al. 2009; Berger et al.
2009; Li et al. 2009; Drake et al. 2010; Foley et al. 2011).
? E-mail: melissagraham@berkeley.edu
In mid-September 2012, SN 2009ip deviated from its typical
variability and exhibited both an increase in brightness and
spectral lines with P-Cygni profiles, which indicated the re-
lease of material at velocities typical for supernovae (SNe;
Smith & Mauerhan 2012). The spectrum also exhibited rela-
tively narrow Hα emission lines indicative of ejecta interact-
ing with circumstellar material (CSM), as is commonly seen
in both Type IIn SNe and “SN impostors” (e.g., Van Dyk
et al. 2000). Observations of ejecta interacting with CSM
are useful for deducing the mass-loss history of a progenitor
star during the late stages of stellar evolution (e.g., as done
for SN 2009ip by Ofek et al. 2013), but a drawback of CSM
interaction emission is that it can overwhelm the flux from
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the underlying event, making it difficult to identify whether
the type of explosion powering the ejecta was a true SN or
a massive eruption.
Owing to its ambiguous nature, SN 2009ip is the sub-
ject of many studies and interpretations. High-cadence time-
series photometry of SN 2009ip’s 2012 eruption presented by
Prieto et al. (2013) shows a ∼ 20 day precursor outburst
reaching I ≈ −15 mag (the “2012-A” event) followed imme-
diately by an outburst reaching I ≈ −18 mag (the “2012-B”
event). Although seemingly rare, the double-peaked light
curve of SN 2009ip is seen in some typical Type IIn SNe
(Smith et al. 2014; Ofek et al. 2014). The question of whether
SN 2009ip was a true SN was first addressed by three papers:
Mauerhan et al. (2013), Fraser et al. (2013), and Pastorello
et al. (2013). Mauerhan et al. (2013) suggest that the mate-
rial velocities indicated by the P-Cygni absorption features
and the broad components of Balmer emission lines during
the 2012-A event, before the onset of CSM interaction, point
to a true SN explosion during an LBV outburst. In contrast,
Fraser et al. (2013) argue that there is insufficient evidence
of a true SN, pointing out that no nebular emission from nu-
cleosynthetic material is seen, and that the maximum mass
of synthesised 56Ni is MNi < 0.02 M (i.e., quite low). Pas-
torello et al. (2013) present the full light curve of SN 2009ip
from its LBV outbursts in 2009 through the 2012 event,
as well as spectra from its 2011 (nonterminal) outburst in
which very high velocity material was also seen in absorption
(13,000 km s−1). They suggest that this supports a nonter-
minal explanation for the 2012 outburst; however, since it
takes relatively little mass to make an absorption feature,
this is not unambiguous evidence for or against a true SN.
Further details regarding the nature of SN 2009ip were
discussed by Levesque et al. (2014), who present an analy-
sis of the Balmer decrement as evidence for a high-density,
thin-disk geometry for the CSM; Margutti et al. (2014),
who show that their high-cadence, panchromatic observa-
tions illuminate the episodic explosive mass loss of the pro-
genitor star; Smith et al. (2014), who demonstrate that the
late-time spectra of SN 2009ip are most similar to those of
core-collapse SNe (e.g., Sn 2010mc and SN 1987A, also inter-
preted as SNe arising from blue supergiant stars with CSM)
and do not resemble a return to an LBV-like state, and that
the width and persistence of the P-Cygni profile are possible
only with a kinetic energy of > 1051 erg, strongly support-
ing a terminal explosion as the underlying event; Graham
et al. (2014), the prequel to this work, who link features of
CSM interaction in the light curve with previously observed
eruptions and find that the photometric and spectroscopic
evolution to late times supports a SN IIn-like explosion; and
Mauerhan et al. (2014), whose unique spectropolarimetric
time-series observations reveal that the two aspheric com-
ponents from the explosion and CSM-impact have orthogo-
nal axes of symmetry, and furthermore that this significant
asymmetry indicates a total explosion energy of ∼ 1051 erg,
thereby establishing a terminal SN explosion as the most
plausible physical explanation for SN 2009ip.
The late-time light curve of SN 2009ip has been docu-
mented by Moriya (2015), who interpret the “2012-A” and
“2012-B” events as interactions with two distinct shells of
CSM (as opposed to a SN followed by CSM interaction),
and conclude that a normal SN is not necessary to explain
the total energy released. However, Moriya (2015) assumed
LCOGT g band LCOGT r band
MJD Magnitude MJD Magnitude
56445 19.73± 0.33 56445 18.42± 0.14
56447 19.30± 0.49 56446 18.37± 0.20
56449 19.52± 0.33 56449 18.38± 0.13
56456 19.93± 0.28 56452 18.75± 0.22
. . . . . . . . . . . .
56841 21.00± 0.14 56967 20.17± 0.26
56846 20.92± 0.11 56982 19.86± 0.19
56862 21.12± 0.22 56991 20.03± 0.33
56866 21.32± 0.34 57007 19.74± 0.12
LRIS g band LRIS r band
MJD Magnitude MJD Magnitude
56981 21.4± 0.20 56981 20.0± 0.20
Table 1. Selection of photometry for SN 2009ip (the full table is
available in the online version).
spherical symmetry for the explosion and the CSM, which is
inconsistent with the spectropolarimetric results of Mauer-
han et al. (2014). Fraser et al. (2015) collate late-time optical
to mid-infrared spectra and photometry from 2013 and 2014,
showing a continuation of the smooth decline in brightness
and minimal changes in the spectral features, which continue
to be dominated by the signature of CSM interaction. In late
2015, Thoene et al. (2015) announced that SN 2009ip had
finally faded past its previous faintest observed magnitude,
and Smith et al. (2016) confirm this with multiband HST
photometry from May 2015. They furthermore show that
the environment of SN 2009ip does not appear to contain
a significant star-forming region (although they note that
such imaging cannot rule out a small one in the immediate
vicinity until SN 2009ip fades). Smith et al. (2016) suggest
that since young, massive stars are unlikely to be isolated,
their observations support a binary mechanism as the cause
of SN 2009ip’s variability.
In this paper, we build on our previous work in Graham
et al. (2014) and present optical photometric and spectro-
scopic monitoring of SN 2009ip from 260 through 1026 days
past the start of the “2012-B” event (2012 Sep. 23 UT). We
describe the acquisition and reduction of our observations
in § 2. In § 3 we analyze our data, describing the late-time
photometric and spectroscopic qualities and their evolution
and providing comparisons with late-time observations and
models for transients which, like SN 2009ip, are dominated
by CSM interaction. In § 3.3 and 3.4 we expand our analy-
sis to reconsider the early-time data of SN 2009ip in context
with recently published models and data for similar tran-
sient phenomena. Section 4 provides a summary and our
conclusions.
2 OBSERVATIONS
We obtained late-time photometry in the g′ and r′ filters
with the Las Cumbres Observatory (LCO; Brown et al.
2013), starting 2014-05-26 (UT dates are used throughout
this paper; YYYY-MM-DD) and continuing until 2014-12-
16. Our epochs were composed of two 300–400 s exposures
in each filter. We also attempted observations in i′, but since
the signal-to-noise ratio (SNR) is significantly lower than for
c© 2016 RAS, MNRAS 000, 1–15
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Figure 1. The light curve in g and r to late times, in magnitudes vs. the days since the start of the 2012-B event (2012-09-23). The i
band is not shown because SN 2009ip was not well visible in i at such late times. Solid lines are fit to the 2013 data and then extended as
dashed lines to 2014. The steady linear (in magnitudes) decline seen in 2013 continued into 2014. This decline rate is slower than would
be seen if 56Co were powering the light curve. Coloured vertical dashes across the top mark the dates of late-time Keck spectroscopy in
2013 and 2014 (but not the three epochs obtained in 2015).
Date MJD Phase Instrument Disperser Slit Dispersion Range Exposure
(UT) [days] Width [A˚ pix−1] [A˚] Time [s]
2013-06-10 56453 +260 DEIMOS 600 1.0′′ 0.65 4500-9600 900
2013-09-10 56545 +352 DEIMOS 600 1.0′′ 0.65 4500-9600 900
2013-12-03 56629 +436 LRIS 600/4000 1.0′′ 0.63 3100-5600 1500
400/8500 1.0′′ 1.16 5600-10200 1500
2014-06-24 56832 +639 LRIS 600/4000 1.0′′ 0.63 3100-5600 1400
400/8500 1.0′′ 1.16 5600-10200 1400
2014-06-26 56834 +641 DEIMOS 1200 1.0′′ 0.33 4800-7400 1800
2014-07-29 56867 +674 LRIS 600/4000 1.0′′ 0.63 3100-5600 1200
400/8500 1.0′′ 1.16 5600-10200 1200
2014-09-24 56924 +731 LRIS 600/4000 1.0′′ 0.63 3100-5600 1200
400/8500 1.0′′ 1.16 5600-10200 1200
2014-10-02 56932 +739 DEIMOS 1200 1.0′′ 0.33 4800-7400 2700
2014-11-20 56981 +788 LRIS 600/4000 1.0′′ 0.63 3100-5600 1800
400/8500 1.0′′ 1.16 5600-10200 1800
2015-05-20 57162 +969 DEIMOS 600 1.0′′ 0.65 4500-9600 986
2015-06-16 57189 +996 LRIS 600/4000 1.0′′ 0.63 3100-5600 2400
1200/7500 1.0′′ 0.40 5800-7400 2400
2015-07-16 57219 +1026 LRIS 600/4000 1.5′′ 0.63 3100-5600 2400
1200/7500 1.5′′ 0.40 5800-7400 2400
Table 2. Late-time spectra of SN 2009ip from Keck Observatory.
c© 2016 RAS, MNRAS 000, 1–15
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g′ and r′, we do not include i′ in this analysis. The data were
reduced and calibrated to a local sequence of standard stars
in Sloan Digital Sky Survey (SDSS) filters g and r, which
are very close to g′ and r′, as described by Graham et al.
(2014).
We also obtained one epoch of imaging with the Low
Resolution Imaging Spectrometer (LRIS; Oke et al. 1995;
Rockosi et al. 2010) at the Keck Observatory on 2014-11-
20, consisting of three 180 s exposures in the LRIS g and
R filters. These filters have different transmission curves
than SDSS g and r, so filter conversion factors for stars and
SN 2009ip were derived. Since we use local sequence stars
with 0.5 < g − r < 1.5 mag to determine the zeropoints of
the LRIS images, we use a T = 5000 K blackbody spectrum
to derive the filter conversion factor for stars, because this is
the approximate temperature for stars in that colour range.
To determine the filter conversion factor for SN 2009ip, we
use our LRIS spectrum obtained on 2014-11-20 (presented
below). The conversion factors for stars and SN 2009ip were
∼ 0.05 mag for all filters, except for the conversion from
LRIS R to SDSS r for SN 2009ip, which was −0.36 mag.
The late-time photometry of SN 2009ip is listed in Table 2,
shown in Figure 1, and discussed further in Section 3.
We obtained a series of late-time spectra with the DEep
Imaging Multi-Object Spectrograph (DEIMOS; Faber et al.
2003) and LRIS at the Keck Observatory from 2013-06-10
to 2015-07-16. Details of the spectroscopy, including instru-
ment setup and exposure times, are listed in Table 2. In
all cases we rotated to the parallactic angle to minimise
the effects of atmospheric dispersion (Filippenko 1982; in
addition, LRIS has an atmospheric dispersion corrector).
All data were reduced using routines written specifically for
DEIMOS and LRIS in the Carnegie Python (CarPy) pack-
age. The two-dimensional (2D) images were flat-fielded, cor-
rected for distortion along the y (slit) axis, wavelength cali-
brated with comparison-lamp spectra, and cleaned of cosmic
rays before extracting the 1D spectrum of the target. This
spectrum was flux calibrated using a sensitivity function de-
rived from a standard star observed the same night in the
same instrument configuration. The standard-star spectrum
was also used to remove the telluric sky absorption features.
For our analysis, we deredshift the spectra into the rest
frame of the host galaxy, NGC 7259, which has a redshift
of z = 0.005944 based on 21 cm emission1. For some of our
analysis in Section 3 we flux calibrate spectroscopic epochs
in 2015 to extrapolated photometry derived by extending the
r-band light-curve decline rate shown in Figure 1. We chose
to use the r band because the flux in Hα gives it a higher
SNR, and also for consistency because the g band cannot be
used to calibrate the DEIMOS spectra. Our spectral time
series will be publicly available in the WISEREP database
(Yaron & Gal-Yam 2012)2.
1 As listed in the NASA Extragalactic Database, from the H I
Parkes All Sky Survey Final Catalog 2006; this redshift was also
used by Graham et al. (2014).
2 http://wiserep.weizmann.ac.il
3 ANALYSIS
We present an analysis of our late-time photometric (§ 3.1)
and spectroscopic (§ 3.2) observations of SN 2009ip. In § 3.3
we compare to the simulated light curves and spectral emis-
sion lines for models of interacting SNe presented by Dessart
et al. (2016). In § 3.4 we discuss the implications of these
observations regarding the true nature of SN 2009ip.
3.1 Photometric Decline
In Figure 1 we show that SN 2009ip continued to decline
throughout 2014, with a rate of 0.0033± 0.0013 mag day−1
in g′ and 0.0030± 0.0005 mag day−1 in r′. These values are
slower than the decline rate of 56Co as seen post-plateau in
core-collapse SNe like SNe II-P (Valenti et al. 2016). This de-
cline rate remains consistent with those reported by Graham
et al. (2014), who predicted that SN 2009ip would fade be-
yond its previously reported faintest magnitudes, mV = 21.5
(Pastorello et al. 2013) and mF606W = 21.8 (Smith et al.
2010), by January 2016. This late-time photometric be-
haviour through the end of 2014 is broadly consistent with
that reported by Fraser et al. (2015), and photometry ob-
tained in late November 2015 confirmed that SN 2009ip had
indeed declined past those faintest previous observations
(Thoene et al. 2015). However, the faintest previous ob-
servation was not necessarily a measure of the progenitor
in a quiescent phase, as SN 2009ip has been variable since
2009 (Pastorello et al. 2013), and so this photometric de-
cline alone cannot be used as unique proof of a terminal
explosion. Furthermore, as it is likely that the progenitor of
SN 2009ip was a massive binary system, it might be difficult
to unambiguously associate any future variability with the
same member star that produced the 2012 events.
We extend our light curve by synthesising photometry
from our Keck spectra in 2015, finding that two of the three
epochs reported in Table 2 produced results within several
tenths of a magnitude of our extrapolation of the steady
linear decline seen in Figure 1. Unfortunately, given that all
three of our 2015 spectra were obtained in nonphotometric
conditions owing to variable clouds, we cannot constrain our
systematic uncertainties on the synthesised photometry and
so are not officially including it in our analysis. Although we
also obtained images with the LRIS guider camera during
target acquisition, we find that they are not suitable for
photometric measurements either.
The slow late-time decline rate of SN 2009ip is similar
to that observed for SNe IIn, such as SN 2010jl (0.0013 ±
0.0001 mag day−1 in R; Zhang et al. 2012), SN 2005ip
(0.0007±0.0002 in g; Stritzinger et al. 2012), and SN 2006jd
(0.0037 ± 0.0001 to 0.0013 ± 0.0002 in g; Stritzinger et al.
2012). We find that the late-time decline rate of SN 2009ip is
also similar to the predicted emission of SNe IIn at late times
from the models of Chevalier & Fransson (1994). They find
that the total shock luminosity 1–2 yr after explosion de-
clines at a rate of 0.0016 mag day−1 (their Table 6). Not
all of that energy will be emitted at optical wavelengths,
so we also compare with their predicted decline rate for the
luminosity in Hα, which falls in the observer-frame and rest-
frame r band for SN 2009ip: 0.002 mag day−1 at 1–2 yr, close
to the observed r′ decline rate for SN 2009ip. Ultimately, we
conclude that this continued linear decline in the photom-
c© 2016 RAS, MNRAS 000, 1–15
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HαHβHγHδ Paschen
HeI
CaII
NaI OI
Mg]
FeI
FeII
[CaII][OI] [FeII]
2013-06-10
+260 days
2013-09-10
+352 days
2013-12-03
+436 days
2014-06-24
+639 days
2014-07-29
+674 days
2014-09-24
+731 days
2014-11-20
+788 days
2015-06-16
+996 days
2015-07-16
+1026 days
Figure 2. Selected spectra of SN 2009ip from our time series of observations, scaled and offset in flux density (erg s−1 cm−1 A˚−1) to aid
in the comparison of the smaller features over time — i.e., everything except Hα, which will be examined in other figures. Owing to the
scaling, line strengths are not representative of true fluxes and should not be compared between epochs; instead, this plot is primarily
for species identification. We have excluded three epochs: 2014-06-26 and 2014-10-02 because they were close in time to other epochs,
and 2015-05-20 because it has low SNR outside of Hα.
c© 2016 RAS, MNRAS 000, 1–15
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Figure 3. Our spectra of SN 2009ip in the region of the blended
feature of sodium and helium at very late times. The spectra have
been binned by 4 pixels in wavelength, and have arbitrary flux
offsets for clarity.
etry of SN 2009ip at very late times is consistent with the
behaviour of a SN IIn at similar epochs — but it is not,
on its own, a strong constraint on the true nature of the
underlying explosion.
3.2 Spectral Evolution
We present our time series of Keck spectra in Figure 2. At
very late times, the spectrum remains dominated by narrow
emission lines, and there is little evolution in the spectral
features. This is qualitatively similar to both SNe IIn and
SN impostors, and furthermore implies that flux contribu-
tions from a light echo or a very bright companion star are
very low or nonexistent. The DEIMOS spectrum obtained
on 2014-06-26 was previously published by Fox et al. (2015)
in their analysis of CSM-interaction SNe.
We used the atomic spectral line database produced by
the National Institute of Standards and Technology (NIST;
Kramida et al. 2015) to identify species causing the nar-
row line emission in the very late-time spectra of SN 2009ip,
including hydrogen, helium, calcium, sodium, oxygen, and
iron. We considered magnesium, silicon, and sulfur, but
could not attribute any emission lines to these species (ex-
cept for semi-forbidden Mg I], discussed below). For hydro-
gen, we see lines in the Balmer and Paschen series within
the wavelength region of our spectra. Not all Paschen lines
are explicitly labeled in Figure 2, only those that we see (the
11-, 10-, 9-, and 8-to-3 transitions). The Balmer lines are the
strongest features and are considered in more detail below.
We see the triplet of singly ionised calcium at λ ≈ 8500 A˚.
Although there are other features at or near the locations
of less prominent lines of neutral and singly ionised calcium
(e.g., λ4227, λ7148, and λ7326 for Ca I, and λ9213 for Ca II),
these features are better explained as being dominated by
more prominent lines of other species.
Just blueward of the Ca II infrared triplet, we identify
O I λ8446, which appears to strengthen over time relative
to Ca II. At first glance, it may seem suspicious to detect
O Iλ8446 without even a hint of O Iλ7774; if both are pro-
duced by recombination, we expect similar relative inten-
sities (Kramida et al. 2015). Even if the O I λ8446 were
produced by collisional excitation, we should detect weak
O Iλ7774. But if O I λ8446 is being produced mostly by
Bowen Ly-β fluorescence, as in the case of many Seyfert 1
nuclei and quasars (e.g., Grandi 1980; Landt et al. 2008;
Marziani et al. 2014), then a very low intensity ratio of
O Iλ7774/O I λ8446 would be expected, consistent with the
O I λ8446 identification. The high densities and optically
thick conditions discussed in § 3.2.1 support this suggestion.
On the other hand, an absence of oxygen features is fairly
typical of SNe IIn while emission from CSM-interaction
shrouds the SN ejecta, where the oxygen resides. Thus, it
is also possible that this feature is partly produced by Fe II
λλ8426, 8439, 8451; a myriad of iron lines is seen, especially
at the blue end of the spectrum, where we have labeled what
we could identify as Fe I and Fe II.
A closer look at the blended feature of sodium and he-
lium is shown in Figure 3. We find that Na I D remains
visible at late times, and that the P-Cygni profile seen at
earlier times (e.g., Mauerhan et al. 2014) is still evident,
most clearly in the 2013-06-10 spectrum, but overall less
pronounced than at earlier times. It also appears that the
relative strength of the Na I D and He I lines evolves with
time, suggesting that they have different physical origins in
the nebula, which is also consistent with the different line
widths (clearest in the +352 day spectrum). A closer look
at two of the more isolated emission lines of hydrogen (Hβ)
c© 2016 RAS, MNRAS 000, 1–15
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Figure 4. Comparing the H I λ4861 emission line (Hβ; thin black
line) to one of the most isolated He I lines, He I λ7065 (thick
orange line). For this comparison we used the spectrum obtained
on 2013-09-10, subtracted the pseudocontinuum determined from
the flux on either side of the lines, scaled the Hβ flux by a factor of
0.23 to match the peak intensities, and converted the wavelengths
into rest-frame velocity.
and helium (He I λ7065) is shown in Figure 4. The Hβ line is
wider and appears to contain multiple blended components,
whereas the He I appears as a single, narrower feature. This
suggests that the hydrogen emission has a more extended
distribution in the nebula than He, and that the highest-
velocity regions are either He poor or where He I transitions
are not excited.
We also see emission lines of Mg I], [Ca II], [Fe II], and
emerging [O I], which are characteristically found in the neb-
ular spectra of core-collapse SNe (Jerkstrand et al. 2014).
However, since the [O I] is particularly faint and appears to
weaken, and because [O I] is also seen in late-time spectra of
CSM-interaction powered events (Fox et al. 2015), we do not
interpret the presence of [O I] as direct evidence of a core-
collapse event for SN 2009ip. Nevertheless, we point out that
weakening [O I] and Na I D lines combined with Mg I] lines
that exhibit a relatively constant flux is consistent with a va-
riety of progenitor mass models (see Figure 4 of Jerkstrand
et al. 2014).
As a final note, we do not perform blackbody fits be-
cause our spectra are emission-line dominated and do not
have significant SNR in the continuum. Instead, we refer
the reader to the late-time bolometric analysis of optical
through near-infrared (NIR) observations by Fraser et al.
(2015). Since the Balmer series dominates the emission-line
flux of the late-time spectra of SN 2009ip, we now discuss the
line emission and its shape in § 3.2.1 and 3.2.2, respectively.
Figure 5. Our series of SN 2009ip spectra at late times for three
Balmer emission lines, from top to bottom Hα, Hβ, and Hγ. Spec-
tra have been flux calibrated to our actual photometry or, in the
case of the last three epochs, to our extrapolated r-band pho-
tometry. Wavelength has been converted to rest-frame velocity.
3.2.1 Balmer-Line Emission
In Figure 5, we zoom in on the emission lines of Hα, Hβ,
and Hγ, plotting all spectral epochs to show the evolution in
luminosity and shape at late times. We find that the Balmer
lines are asymmetric, exhibit multiple velocity components,
and decline in flux over time. In Figure 6 we plot the evolu-
c© 2016 RAS, MNRAS 000, 1–15
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Figure 6. Evolution of the continuum-subtracted integrated flux
of the Balmer lines (top; note that Hβ and Hγ have been scaled
up to facilitate comparison), and the ratio of the integrated flux
in Hα to that in Hβ and Hγ (bottom). As a reminder, the latest
three points are derived from spectra that were flux calibrated to
extrapolated r-band magnitudes, and so those integrated fluxes
should be considered estimates only — but the ratios are inde-
pendent of spectral flux calibration.
tion of the integrated flux of the Balmer emission lines Hα,
Hβ, and Hγ for SN 2009ip, the profiles of which are shown in
Figure 5. The integrated flux is calculated by first subtract-
ing the pseudocontinuum flux, which is determined using a
linear fit to the spectral flux on either side of the emission
line. We find that the integrated flux in all lines declines over
time, and that the rate of decline slows down after ∼ 600
days, more so for Hβ and Hγ than Hα. This is also seen in
the evolution of the Balmer intensity ratio IHα/IHβ (abbre-
viated as Hα/Hβ for simplicity), which increases until ∼ 600
days and then remains nearly constant (within error bars).
The Balmer intensity ratio Hα/Hβ is sensitive to the
physical state of the emitting material. Levesque et al.
(2014) explored the Balmer ratio for SN 2009ip at early
times, finding that between 2012-08-30 (the peak of the pre-
cursor event, 2012-A) and 2012-10-09 (the peak of the main
event, 2012-B), Hα/Hβ evolved from ∼ 3 to ∼ 1.5. As they
describe, a ratio of ∼ 1.5 suggests a very high density for
the emitting region, ne > 10
13 cm−3. Together with their
inference of a large radiative surface area, Levesque et al.
(2014) interpret the early-time Hα/Hβ value of SN 2009ip
as evidence of a thin-disk geometry for the CSM.
At late-time epochs of > 600 days, we find that
Hα/Hβ ≈ 40, which is quite high. We briefly consider
whether the very late-time evolution and high value of the
Balmer ratio could be due to dust formation in the nebula.
Dust would cause a greater amount of extinction for blue
emission lines, driving Hα/Hβ to higher values. However,
values of Hα/Hβ > 10 are not uncommon at late phases of
CSM-interaction dominated events, and the ratio may have
nothing to do with dust formation. For example, Smith et al.
(2008) quote a large ratio for the luminous SN IIn 2006tf and
suggest that line formation is no longer caused by recombi-
nation, but is excited collisionally.
Another possibility, suggested by Fraser et al. (2015), is
that the lines are experiencing “Case C” recombination as
defined by Xu et al. (1992) in their analysis of SN 1987A:
the Balmer continuum is optically thick, Balmer photons
are immediately reabsorbed, and the higher Balmer lines
(n > 4) are resonantly trapped and decay through alter-
nate branches such as the Paschen series. In support of this,
we point out the emergence of the Paschen series at epochs
> 600 days, when the Balmer ratio is also seen to increase;
moreover, as noted above, the presence of O I λ8446 pro-
duced by Bowen Ly-β fluorescence implies high densities
and large optical depths. Based on the model line emissiv-
ity in Figure 1 of Xu et al. (1992), we can estimate that
Hα/Hβ ≈ 40 would correspond to either log(τ(Hα)) ≈ 2.2
or 4.0. However, a value of log(τ(Hα)) ≈ 4.0 predicts a rel-
atively stronger Pα line than was seen in the NIR spectrum
shown in Figure 14 of Fraser et al. (2015), but it is unclear
whether its low SNR makes it suitable for assessing a non-
detection of Pα. Furthermore, a value of log(τ(Hα)) ≈ 2.2
agrees with the model predictions for τ(Hα) at ∼ 600 days
post-explosion as shown in Figure 4 of Xu et al. (1992).
SN 1987A may not be completely analogous to SN 2009ip,
but we consider a similarly detailed model of the Balmer
emission lines for the SN 2009ip system beyond the scope of
this work.
Instead, we extend our evaluation of the Hα luminosity
decline in Figure 7, where we plot the evolution in the rest-
frame Hα luminosity of SN 2009ip at late times. For com-
parison, we show the late-time Hα luminosity evolution of
SN 1988Z and SN 1998S, which represent SNe IIn with faster
and slower decline rates, respectively (see Figure 6 of Smith
et al. 2017). Data for SN 1988Z were obtained from Aretxaga
et al. (1999) and converted to rest-frame luminosity using
D = 70.7 Mpc (Weiler et al. 1998). Data for SN 1998S was
obtained from Fassia et al. (2001), Pozzo et al. (2004), and
Mauerhan & Smith (2012), and converted to rest-frame lu-
minosity using D = 15.5 Mpc and a Galactic extinction of
AV = 0.68 mag (Mauerhan & Smith 2012). We find that the
late-time evolution in LHα for SN 2009ip is similar in decline
rate to SN 1988Z, similar in luminosity to SN 1998S, and in
general empirically similar to other SN IIn light curves at
late times (with the caveat that SNe IIn are a very diverse
group).
We also show the expected decline rate if Hα was ex-
cited by the decay of 56Co synthesized by an SN explosion, or
if Hα declines at the same rate as the bolometric luminosity
at late times (Fraser et al. 2015). We can see that the decline
rate of Hα is similar to the bolometric decline; the deviation
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Figure 7. Evolution of the intrinsic Hα of SN 2009ip at phases
> 200 days (black circles) compared with two SNe IIn: SN 1988Z
(blue pentagons; Aretxaga et al. 1999) and SN 1998S (green tri-
angles; Fassia et al. 2001). We also show the decline rate of Hα
from the models of Chevalier & Fransson (1994, CF94, purple
dotted line), and the expected decline rate if LHα were driven
by 56Co decay (red dashed line) or by the bolometric luminosity
at late times from Fraser et al. (2015, F15, magenta long-dashed
line). The latter two have been scaled to intersect with the first
late-time data point for SN 2009ip.
is likely caused by the evolving physical state of the nebula
(optical depth, density, and temperature) changing the ef-
ficiency of the emission. The late-time models presented by
Chevalier & Fransson (1994, their Table 6) account for the
emissivity of the material and simulate the decline rate for
the Hα luminosity of a SN IIn at late times. We have in-
cluded one of these models’ results in Figure 7 and find that
the model’s slope is similar to the observations. The lumi-
nosity level is lower, but the luminosity is more dependent
on the specific model parameters: for example, this one uses
ejecta with a power-law density distribution in the outer
layers, whereas ejecta with an outer-layer density distribu-
tion typical of a red supergiant star would double the Hα
emissivity (Chevalier & Fransson 1994).
3.2.2 Asymmetry of the Hα Emission Line
The degree of asymmetry in an emission line can give us
clues regarding the nature of the geometry of the emitting
CSM, which has been shown to be consistent with a disk
or toroid via analyses of the early-time Balmer decrement
(Levesque et al. 2014) and time-series spectropolarimetric
observations (Mauerhan et al. 2014). In Figure 5, the Balmer
emission lines are composed of at least two velocity compo-
nents, at v ≈ 0 km s−1, v ≈ ±750 km s−1 (clearest in the
earlier epochs of Hα, < 400 days), and v ≈ 500 km s−1
(clearest in the later epochs of Hα, > 600 days, on the red
side). The nonzero velocity components could be caused by
a torus or disk of CSM released from a previous eruption,
but multiple disks cannot also generate the peak at v ≈ 0
km s−1 (unless one is face-on and inclined with respect to the
others, but this would be a physically strange geometry for
the CSM of a single system). The zero-velocity component
Figure 8. Top: A demonstration of our derivation of asym-
metry parameter A using our DEIMOS spectrum from 2014-
06-26, starting with the original rest-frame spectrum in the re-
gion of Hα (f(λ), black), rotating it around the peak wavelength
(frot(λ), red), and calculating the absolute value of the difference
(∆f = f − frot, blue). The asymmetry parameter A is the inte-
gral over wavelength of ∆f , or the total area under the red line.
Bottom: The asymmetry parameter A as a function of light-curve
phase for SN 2009ip at late-time epochs. The amount of asym-
metry in the Hα line appears to decrease with time, and always
shows a red-side excess (i.e., A > 0).
was shown by Mauerhan et al. (2014) to be the SN shock
that appears orthogonal to the CSM geometry as it escapes
the disk. If we had only our late-time data we might infer a
spherical shell, which causes an emission line with a peak at
v ≈ 0 km s−1 and shoulders at the minimum/maximum ve-
locity of the receding/approaching sides, similar to the red
side of the Hα line in our spectral dataset. However, a spher-
ical shell was strongly disfavoured by early-time data (e.g.,
Levesque et al. 2014).
The amount of asymmetry in the Hα emission line as
a function of time is difficult to gauge by examining Fig-
ure 5, and so we have come up with a parameterisation to
quantify the amount of asymmetry. For all epochs of our
rest-frame spectra, we find the peak of the Hα line (the
method to identify the peak is described below), extract the
region within ±60 A˚, and normalise the spectral segment to
have an integrated flux equal to unity. We then rotate the
spectrum around the peak and subtract the rotated from
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the original to create a difference spectrum, ∆f = f − frot.
This is demonstrated in Figure 8. The integral of the differ-
ence spectrum over the red half of the line is our asymmetry
parameter,
A =
∫ λ2
λpeak
∆f dλ, (1)
where λ2 ≈ λpeak + 60 A˚. Since we first normalise to a total
integrated flux of unity, the absolute value of the A param-
eter can be thought of as a fraction of the line flux that is
asymmetric, and A parameters from different epochs can be
compared. Values of A > 0 indicate that the red side of the
line has an excess of flux.
To compensate for the fact that some spectra are nois-
ier than others, we do not simply use the pixel with the
peak flux value, but adopt a more complicated process that
is based on an assumption of symmetry in the very cen-
tre of the Hα peak. First, we smooth the spectrum with
a Savitzky-Golay filter of width 5 pixels (i.e., the idl as-
tronomy library function poly smooth). We then extract a
small spectral region of the 5 pixels at peak flux, and calcu-
late
∑ |f − frot| for this tiny segment. We repeat this four
times using the ±2 adjacent pixels as the peak flux pixel,
and use the pixel which minimizes
∑ |f − frot| as the true
peak. We find that the identified wavelength of peak flux
varies randomly within a standard deviation of 0.75 A˚ (1–
2 pixels, with an average consistent with v ≈ 0 km s−1),
and does not show any monotonic variation with time. The
asymmetry parameter A is calculated using this identified
peak pixel and the original, unsmoothed flux spectrum. The
uncertainty in A is evaluated to be the difference between
this value of A and the value returned if we substitute the
next-best peak pixel (which is always adjacent). In other
words, our uncertainty in A is dominated by the uncertainty
in the wavelength of the line peak, not from the flux SNR.
In Figure 8, we plot the evolution of the Hα line’s A
parameter as a function of time for our spectra. The asym-
metry fluctuates over time, showing a generally decreasing
trend (i.e., becoming more symmetric) as the flux declines.
This does not necessarily mean the geometry of the CSM
is changing, but that the location in the CSM producing
most of the Hα photons may be moving from a more to less
asymmetric configuration. One plausible scenario is that the
most asymmetric material has the highest density and cools
fastest, but in this complex environment the CSM emission
may also be influenced by a reverse shock or an internal
power source (e.g., nuclear decay products in the case of a
genuine SN, or the post-eruption stellar product in the case
of a nonterminal event). We consider a detailed model of
the CSM and its post-impact cooling beyond the scope of
this paper (instead, see Fraser et al. 2015 for this type of
modeling and analysis).
Finally, we note that the asymmetry in the Hα line does
not exhibit either of the typical behaviours associated with
dust formation, which is an increasing amount of absorption
on the red wing or an increasingly blueshifted peak wave-
length owing to far-side photons being extinguished by a
higher column density of dust on their path toward the ob-
server. Fraser et al. (2015) also remark on the lack of this
typical signature of dust in their late-time spectra, and sug-
gest that substantial dust formation is not occurring in the
SN 2009ip system. However, these are the effects when the
dust is being formed within the region that also contains
the material creating the emission line — in other words,
when the absorbing dust and emitting gas are colocated.
SN 2009ip has multiple velocity components in its Balmer
lines and the situation could be more complicated. For ex-
ample, if the emitting gas is located entirely within the
dust-formation region, there would not be a large difference
in the dust column density along the line of sight through
the emission-line region. However, as final piece of evidence
against dust formation, we note that our observed photo-
metric decline is not significantly more rapid in the g band
than in the r band as would be expected with dust forma-
tion. Ultimately, we conclude that we see no signature of
dust formation in the system of SN 2009ip.
3.3 Qualitative Comparison to Models
Dessart et al. (2016) present simulated light curves and spec-
tra for events with CSM interaction for a variety of param-
eters describing the energy, mass, and distribution of the
ejecta and CSM. These simulations are mainly for phases of
< 200 days and are aimed to reproduce the observations of
other SNe IIn such as SN 1994W and SN 1998S, which limits
their applicability to the late-time dataset we focus on in
this paper; however, we find that a broad, qualitative com-
parison of the observations at phases < 300 days presented
by Graham et al. (2014) and in this work to these models
can provide some clues regarding the nature of SN 2009ip.
We find that the simulated bolometric light curves for
models “A,” “B3,” “R1,” and “R3” of Dessart et al. (2016,
their Figures 2 and 8) are similar to the bolometric light
curve at < 200 days for SN 2009ip presented in Figure 11
of Graham et al. (2014). They are similar both in terms of
peak bolometric luminosity (∼ 1043 erg s−1) and light-curve
features: a quick rise to peak within 20 days followed by
smooth drops before settling on a shallower late-time decline
rate > 150 days. Alternative models “C” and “D,” which
Dessart et al. (2016) developed to match the light-curve
observations for SN IIn 1994W, do not resemble SN 2009ip
as well: they exhibit a delayed rise to peak, followed by a
plateau or slow decline and then a steep drop in luminos-
ity around 200 days (their Figures 11 and 18; unfortunately,
the bolometric evolution after 200 days is not shown, so
it is unclear whether the light curve settles onto a shallow
decline). The main physical differences are that their mod-
els “C” and “D” contain a less massive (0.3 M) and less
energetic (< 0.08 × 1051 erg) ejecta component interacting
with a very massive (6 M) outer shell that was previously
ejected in a single eruption event of the star, while models
“A,”, “B3,” “R1,” and “R3” contain a more massive (1–10
M) ejecta component with a kinetic energy up to that of a
typical supernova (0.05–1× 1051 erg) interacting with a less
massive (0.1–1 M) shell of wind-driven CSM. This points
to SN 2009ip being more similar to a regular SN IIn than to
a low-mass ejection event.
Graham et al. (2014) documented the evolution in Hα
for SN 2009ip, showing how the narrow component (full
width at half-maximum intensity [FWHM] ≈ 1000 km s−1)
rose and fell with the bolometric luminosity, and the broad
component (FWHM & 5000 km s−1) appeared after peak
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brightness and then disappeared around the time the light
curve settled onto a shallower decline rate (e.g., their Figure
17). As we have shown here, this shallow decline rate and
the narrow component of Hα persist to late times, > 200
days. Among the models of Dessart et al. (2016) that we
identified as having bolometric light curves matching that
of SN 2009ip (“A,” “B3,” “R1,” and “R3”), model “R1” ex-
hibits narrow Hα emission at all epochs, like SN 1994W,
which never exhibited a broad component of Hα in observa-
tions up to ∼ 120 days (Sollerman et al. 1998). This leaves
models “A,” “B3,” and “R3” as matching both the light
curve and spectra, and these are the three models with ejecta
energies similar to that of a typical SN, 1051 erg.
We can also compare to the models by Dessart et al.
(2015), who synthesize light curves and spectra for superlu-
minous SNe IIn with a variety of physical CSM parameters:
in their Figure 20, they show the simulated bolometric light
curves for their models out to +450 days. Past 200 days,
most of the light curves experience a sudden and significant
drop in luminosity that we did not observe for SN 2009ip,
except for three (Xe3m6r, Xm3, and Xm6). These mod-
els are distinguished from the others by having progeni-
tor stars that experienced a more rapid mass-loss rate dur-
ing the late stages of stellar evolution, and in one case, a
CSM that extends to a radius 50% farther than the others.
The total bolometric luminosities for these models are & 3
orders of magnitude higher at late times than SN 2009ip
(logLbol ≈ 40; Fraser et al. 2015) owing to a more ener-
getic underlying explosion driving the interaction. The syn-
thesized early-time spectra for these three models are also
qualitatively similar to those of SN 2009ip (see Figure 22 of
Dessart et al. 2015). Late-time synthesized spectra are not
shown for these three models, but are given for their model
X, in a comparison to luminous SN IIn 2010jl (see also Sec-
tion 3.4). The synthetic spectra exhibit significantly more
asymmetry and have a strong, blueshifted component of the
Hα line, which is even more exaggerated than that seen for
SN 2010jl at ∼ 200 days. Dessart et al. (2015) explain this
blueshifted feature as arising from an optically thick, cool
dense shell (CDS) between the reverse and forward shocks
in the CSM, but for SN 2009ip we would not expect to see
this signature because we found that the CSM exterior to
the shock front is not yet optically thin (i.e., Section 3.2.1).
Although not every aspect of the models by Dessart et al.
(2015) represent the physical scenario of SN 2009ip, where
appropriate comparisons can be made they support a mod-
erately energetic explosion into a large and extended mass
of CSM.
There is, however, an additional perspective to consider
for SN 2009ip: that the broad component of Hα is from the
SN ejecta and entirely unassociated with the CSM. The sce-
nario is that the SN light can escape and contribute to the
spectra at all epochs owing to the inclined ring structure of
the CSM (Levesque et al. 2014; Mauerhan et al. 2014), but is
swamped by the CSM-interaction emission during the peak
of the 2012-B event and at later times, making it visible only
during the decline of the 2012-B event and disappearing at
a phase of ∼ 100 days (Smith et al. 2014; Graham et al.
2014). In this scenario, the Hα emission from the CSM in-
teraction could have been narrow at all epochs, similar to
SN 1994W, and the ejecta need not have the energy of a typ-
ical SN (model “R1” has Ekin,ejecta = 5×1049 erg) and/or be
Figure 9. A spectrum of SN 2009ip at +82 days (grey, Gra-
ham et al. 2014) compared to two SN impostor events at
similar phases: SN 2007sv (black, Tartaglia et al. 2015) and
PSN J09132750+7627410 (red, Tartaglia et al. 2016b). Spectra
have been converted to rest-frame redshifts and had their flux
scaled and/or offset for clarity.
rapidly decelerated by a massive CSM (Dessart et al. 2016).
This scenario of an inclined perspective on an asymmetric,
multi-zone system also helps to reconcile our conflicting late-
time observations of an optically thick CSM combined with
emission lines from an SN nebula such as oxygen and iron,
with helium having a remarkably different line profile (Fig-
ure 4). Ultimately, without detailed modeling of the spec-
tral evolution resulting from interaction with an aspherical
distribution of CSM, as has been inferred for SN 2009ip, it
remains difficult to draw any definitive conclusions on the
energetics and nature of the explosion powering the events
from 2012.
3.4 True Supernova or Impostor?
In Section 1 we described recent attempts to characterize
the true nature of 2009ip with late-time observations such
as those of Smith et al. (2014), who compared the late-time
spectra of SN 2009ip and SN 2010mc to that of SN 1987A,
interpreting all three as the core collapse of blue supergiant
stars with different distributions of CSM. Graham et al.
(2014) obtained a late-time spectrum of SN 2009ip with the
Gemini Observatory on 2013-06-12, which is a phase of +260
days after the start of the 2012-B event. This is just two
days later than the earliest Keck spectrum presented in this
work, which focuses on the late-time evolution. In their Fig-
ure 19, Graham et al. (2014) compare their late-time Gem-
ini spectrum to two spectra of SN 2009ip during its LBV
phase in 2009 to demonstrate that it was not returning to
its earlier quiescent state as it might if it was a nonter-
minal outburst, but remained significantly different. They
also compared their +260 day spectrum to representatives
of typical Type IIn and II-P (plateau) SNe and to the SN
impostor SN 2008S. They find that the late-phase spectrum
of SN 2009ip does not resemble a typical SN II-P, which ex-
hibits broad features and more prominent oxygen and cal-
cium lines (associated with the SN ejecta).
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Figure 10. Our spectrum of SN 2009ip at +436 days (grey) com-
pared with SN impostor SN 2010da at +516 days after discovery
(black; Villar et al. 2016). All emission lines in the impostor spec-
trum are narrower than those of SN 2009ip, and the inset shows
this in detail for Hα. Additionally, the spectrum of SN 2010da
does not exhibit the blue-end forest of iron lines, nor Na I or
[Ca II].
Figure 11. Comparing the Hα emission in our late-time spectra
of SN 2009ip (thick grey lines) to SN IIn 2010jl spectra at simi-
lar phases (thin black lines, from Jencson et al. 2016). The flux
densities (erg s−1 cm−1 A˚−1) have been scaled to facilitate the
comparison of features. The major difference between SN 200ip
and SN IIn 2010jl is the wider Balmer emission in SN 2010jl.
Graham et al. (2014) show that their late-phase spec-
trum of SN 2009ip does resemble that of SN impostor
SN 2008S, but that SN 2009ip exhibits broader emission lines
for all species and that there is more flux in the He I lines of
SN 2009ip. They also illustrate that the heterogeneity of fea-
tures in late-time SN IIn spectra almost prohibits drawing
any conclusions. For example, the ∼ 300 day spectrum of pe-
culiar SN IIn 1998S exhibits a very broad Hα line with three
distinct velocity components that are not seen in the +262
day spectrum of SN 2009ip, and while the +115 day spec-
trum of SN IIn 1988Z has emission lines of a similar shape,
its He I, Fe III, and Ca II are all weaker than in SN 2009ip.
Here we extend this spectral comparison to SNe IIn and
impostors, neglecting SNe IIP since Graham et al. (2014)
already showed they were a poor match, and choosing re-
cently published data for our comparison objects. We discuss
three categories in turn: SN impostors, events that resemble
SN 2009ip, and SNe IIn.
SN Impostors – It is difficult to find spectroscopic
data for SN impostors at phases > 200 days. Instead, in Fig-
ure 9 we compare spectra of two impostor events, SN 2007sv
and PSN J09132750+7627410 at ∼ 80 days3 with the +82
day spectrum of SN 2009ip presented by Graham et al.
(2014). The presence of broad Hα in SN 2009ip, but not
in SN 2007sv nor PSN J09132750+7627410, is clearly seen,
and is the main difference between SN impostors and true
SNe. A lack of (or very narrow) emission lines of He and Ca
is another distinguishing characteristic of impostor events
that is demonstrated by Figure 9.
The SN impostor SN 2010da is one of the few to have
been spectroscopically monitored to a very late phase of 1881
days past discovery, as presented by Villar et al. (2016).
The late-time spectra of SN 2010da are qualitatively sim-
ilar to ours of SN 2009ip, exhibiting minimal evolution in
features and with a similarly large Balmer ratio at late
times, and three velocity components similar to Hα (e.g.,
see Figure 11 from Villar et al. 2016). However, the spectra
have several important differences. In Figure 10 we compare
our spectrum of SN 2009ip with a late-phase spectrum of
SN 2010da at ∼ 500 days (with respect to the onset of the
2012-B event for SN 2009ip, and with respect to the discov-
ery epoch for SN 2010da). We can see that although some
similar species are present (mainly H, He, and Ca), all of the
emission lines in SN 2010da are significantly narrower than
those in SN 2009ip, and that although Fe, Na, and [Ca II]
are all significant in the SN 2009ip spectrum, they are not at
all present in SN 2010da. Furthermore, SN 2010da differed
from SN 2009ip by reaching a fainter peak brightness and
exhibiting a steady increase in optical brightness from 200
to 2000 days past the initial peak, clearly indicating that
its main event was nonterminal. In addition, Binder et al.
(2016) show that SN 2010da became a variable X-ray source
at late times; they suggest that the system is composed of
either a LBV plus neutron-star binary or a single massive
star, and did not experience a terminal SN explosion.
SN2009ip-like Events – Smith et al. (2014) first
noted the similarity between SN 2009ip and SN 2010mc,
which also exhibited a precursor event, and suggested they
were both genuine SNe from comparable progenitor systems.
Since then, more objects have been added to this family of
SNe IIn. A year of photometric and spectroscopic observa-
tions of the SN 2009ip-like event SN 2015bh was presented
by Elias-Rosa et al. (2016) and Goranskij et al. (2016). At
early times, the light curve of SN 2015bh exhibited a precur-
sor event followed by a second rise to a brighter peak, and at
late times it exhibited a steady decline of 0.0038 mag day−1
and 0.0046 mag day−1 in the g and r bands at phases of
> 150 days Elias-Rosa et al. (2016, their Table 1) — similar
to SN 2009ip in both aspects. The spectroscopic evolution of
SN 2015bh is also similar to that of SN 2009ip, and at late
times SN 2015bh exhibits emission lines of H, He, Na, Ca, O,
and Fe, as well as a large LHα/LHβ ratio, like SN 2009ip (the
latest spectrum is presented by Goranskij et al. 2016 at +374
3 Obtained from WISEREP, http://wiserep.weizmann.ac.il.
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Figure 12. A comparison of two of our late-time spectra of SN 2009ip (thick grey lines) to SN IIn 2010jl spectra at similar phases (thin
black lines, from Jencson et al. 2016). The flux densities (erg s−1 cm−1 A˚−1) have been scaled to facilitate the comparison of features.
We show the full spectrum with some emission-line species labeled; the major difference between SN 2009ip and SN IIn 2010jl is the
stronger O I line in SN 2010jl.
days). At late times the asymmetry in the Hα emission line
becomes more prominent; the multiple velocity components
are more distinct than are seen for SN 2009ip, but similarly
attributable to an asymmetric geometry of the CSM (Elias-
Rosa et al. 2016; Goranskij et al. 2016). LSQ13zm is another
recent example of an object that is similar to both SN 2009ip
and SN 2015bh (Tartaglia et al. 2016a).
Type IIn SNe – In this final category, we compare
our observations of SN 2009ip to the recently published late-
time spectral evolution of SN IIn 2010jl (Jencson et al. 2016).
In Figures 11 and 12, we compare two of our late-time
SN 2009ip spectra, at phases of +450 and +909 days, to
spectra of SN 2010jl at similar phases of +436 and +996 days
from Jencson et al. (2016)4. The main differences between
the SN IIn spectrum and SN 2009ip are that the SN IIn has
stronger O I and broader Balmer emission lines at late times
than SN 2009ip. The former could be attributed to intrin-
sic differences in the CSM’s ionisation field, density, and/or
metallicity; the latter suggest either intrinsically higher ve-
locity CSM or a larger amount of kinetic energy imparted by
the ejecta. It is notable that the Hα emission of SN IIn 2010jl
also exhibits multiple velocity components — although a
spherically symmetric CSM could generate this feature, po-
larimetry of SN 2010jl has shown that it, too, had an asym-
metric explosion and CSM environment (Patat et al. 2011).
4 Spectra were downloaded from WISEREP, http://wiserep.
weizmann.ac.il
In summary, we find that the late-time spectral evolu-
tion of SN 2009ip, being dominated by the lingering emis-
sion of impacted CSM, is generally more similar to that of
SNe IIn than to SN impostors. However, given that both of
these are heterogeneous groups and that we found only one
SN impostor with which to compare at very late phases,
we refrain from drawing any strong conclusions from the
late-time spectral evolution alone. On the other hand, the
earlier epochs — in particular, the presence of broad Hα
emission and the spectropolarimetric results of Mauerhan
et al. (2014) — still argue for a true SN as the underly-
ing event (Smith et al. 2013). Future late-time observations
should be able to shed new light on the progenitor and fate
of SN 2009ip, as was done with photometry at 1–6000 days
of SN impostor SN 1997bs by Adams & Kochanek (2015),
who suggest that its late-time data are more consistent with
a genuine SN.
4 CONCLUSIONS
In this work, we have presented and analyzed late-time op-
tical photometric and spectroscopic observations of the am-
biguous transient SN 2009ip that we obtained with LCO
and the Keck Observatory in 2013, 2014, and 2015. We
showed that the light curve continued its steady linear de-
cline throughout 2014 with a linear slope of 0.0030± 0.0005
mag day−1 in the r′ band, and that this is similar both
to observations and models of SNe IIn. We discussed how
c© 2016 RAS, MNRAS 000, 1–15
14 Graham et al.
the eventual passing of the faintest previous magnitudes re-
ported by Thoene et al. (2015) supports the inference that
this decline continued throughout 2015, but emphasised that
it is not unique proof that SN 2009ip was a terminal explo-
sion.
We have shown that the late-time slowly evolving spec-
trum remains dominated by the signatures of CSM interac-
tion, and exhibits emission lines from species that are com-
monly found in SN IIn spectra. By comparing the emission-
line profiles of Hβ and He I λ7065, we established that there
exist CSM zones with little to no He that extend to higher
velocities. The Hα/Hβ intensity ratio is very large at late
times, indicating “Case C” recombination in a medium that
is optically thick to the Balmer lines, in agreement with
models for late-time CSM interaction. We evaluated the rate
of decline in the Hα luminosity and found that it is similar
to observations of other SNe IIn and to models of interact-
ing SNe. The nonzero multicomponent velocity structures of
the Hα emission, which are consistent with a disc-like CSM
as suggested by Levesque et al. (2014) and Mauerhan et al.
(2014), persist to late times. We introduced a parameter to
quantify the degree of asymmetry in the Hα emission and
evaluated its evolution at late times, finding that the red side
exhibits an excess flux which generally decreases with time
and that the wavelength of peak flux shows no monotonic
evolution.
We made a qualitative comparison of the early-time and
late-time characteristics and evolution of SN 2009ip to simu-
lated light curves and spectra of CSM interaction events that
were recently presented by Dessart et al. (2016). Models that
contain a genuine SN as the underlying power source can
better explain the observations of SN 2009ip. We also com-
pared the early-time and late-time observations of SN 2009ip
to recently published data for SNe IIn and SN impostors,
both of which are CSM-interaction events that appear to
be driven by terminal and nonterminal underlying explo-
sions, respectively. The late-time behaviour of SN 2009ip has
similarities with both of these types of events, but is less
consistent with the spectra of SN impostors; moreover, the
early-time data continue to support a genuine SN explosion.
Ultimately, we conclude that our late-time data alone do
not provide any strong independent constraints on the true
nature of the underlying explosion, which remains shrouded
in mystery.
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